Background: Understanding the magnitude of non-adherence in pre-marketing clinical trials and clinical practice is essential. However, accurately measuring non-adherence to medication is problematic, and the variety of adherence measures and/or calculation methods has led to highly variable results. Purpose: To compare commonly used methods for measuring adherence to eye drop therapy in order to assess which methods achieve the most complete datasets over an 8-month monitoring period, to quantify the magnitude of variance in adherence estimations and to review the different methods used to calculate or interpret adherence data. Methods: Adherence was measured electronically for 8 months by participants administering eye drops using a Travalert Ò dosing aid. The mean number of Travalert dosing aid recorded doses administered over the monitoring period was used to calculate a percentage adherence score. In addition, the value of graphically presenting Travalert dosing aid data to classify patterns of adherence behaviour was explored. The validated Morisky Measure of Adherence Scale and questions requesting participants to report the Frequency of Missed Doses were two measures of selfreported adherence calculated for each participant. Finally, medication possession ratio was calculated from expected repeat prescription orders compared with actual repeat prescription orders. Results: For the 208 recruited participants, self-reported adherence was the most reliable method of collecting complete datasets over the 8-month period; 16% of self-reported adherence data were missing compared with 45% of Travalert dosing aid data missing at 8 months. The mean adherence measured over the monitoring period by the Travalert dosing aid was 77%. When adherence measures were dichotomised into adherent and non-adherent groups, the Travalert dosing aid found 54% of participants were adherent, compared to 60% Morisky Measure of Adherence Scale and 57% Frequency of Missed Dose self-report measures. However, there was poor agreement between the Travalert dosing aid measured adherence and self-report measures. Medication possession ratio was not a reliable measure of persistence with medication. Graphical Travalert dosing aid data presentation provided additional information about participant behaviour by indicating that most non-adherence was due to participants taking drug holidays rather than missing occasional doses. Conclusion: The analysis provided evidence about the inconsistencies between different monitoring strategies and adherence measures. Furthermore, the analysis highlighted the difficulties in collecting complete data for studies investigating chronic, slowly progressive conditions that require long-term follow-up. Future adherence studies could use multiple methods for quantifying and classifying adherence in parallel, both to maximise precision of adherence estimates and to facilitate comparison between studies. However, the authors are cautious of the effect of using multiple adherence measures on participant behaviour and their potential reactivity effects is an area for future research.
Introduction
For marketing authorisation, clinical trials must be carried out to ascertain the safety, quality and efficacy of any medicine. Poor adherence to any treatment protocol can result in an underestimation of therapeutic efficacy and under-reporting of potential side effects. Such uncertainties and diminished observed treatment effects can result in failure to ascertain the optimal dosage for maximum efficacy, reduced statistical study power, the requirement for larger sample sizes and, in turn, increased study costs. 1 Furthermore, in routine clinical practice, non-adherence can have a significant adverse effect on the apparent success of medication to control chronic conditions. Thus, understanding the magnitude of non-adherence in pre-marketing clinical trials and clinical practice is essential. However, accurately measuring non-adherence to medication is problematic. The literature reports a variety of adherence measures and calculation methods that have led to considerable variation in results. Currently, there is no consensus as to how nonadherence is reported or defined, and gold-standard methodology for measuring adherence does not exist. 2, 3 Patient self-report using questionnaires, interviews or diaries all tend to overestimate adherence, 4, 5 and clinician reports also fail to detect non-adherence accurately. [6] [7] [8] Alternative measures of adherence have therefore been designed, including weighing bottle contents or tablet counting to establish use of medication, electronic monitoring devices such as the Medication Event Monitoring Systems (MEMSä), measuring clinical endpoints (such as blood pressure) or analysis of blood samples for drug metabolites. However, these observational methods often alert patients to the fact that their behaviour is being monitored which can cause a 'reactivity bias' resulting in increased adherence to medication. 9, 10 Studies using electronic monitoring devices have provided evidence that such reactivity bias can cause an initial improvement in adherence, but that this usually decreases after approximately 2 months of routine use of the adherence measure. 11, 12 A further proposed advantage of electronic monitoring devices is that they can be used to compare individual and collective 'behaviour patterns', thus potentially providing a more refined measure of complex adherence behaviours to enable identification of clinically significant nonadherent patient behaviour. [12] [13] [14] [15] Short persistence accounts can take many different forms and can jeopardise treatment effectiveness, which leads to treatment discontinuation. 16 For example, if therapeutic benefit is reliant upon medication administration at a particular time of day, timing accuracy will better reflect clinical outcome than measuring the number of doses taken if they are at the wrong time of day. An 80% adherence rate is widely recognised as 'acceptable' for many systemic medications, 17 but to be clinically relevant, an 'acceptable' adherence level should be determined by its impact on clinical outcome. 18 Persistence with medication use, as determined by repeat prescription or dispensing counts, is considered to provide more objective non-adherence data compared with self-report, since it remains relatively unaffected by patient desirability to appear adherent, or by memory bias. 14, 15 Furthermore, the 'remote' method of persistence data collection may be less likely to elicit behaviour change than electronic monitoring. Persistence data can be collected from all participants regardless of their participation status since data can still be collected from participants who leave a study if prior consent has been given for this. However, in the United Kingdom, there is no central claims database so prescribing data must be requested from individual General Practices where patients are registered; this can limit the amount of information retrieved since each Practice must first agree to provide the requested information, for which there is normally an administration charge. Furthermore, it must also be considered that persistence is only a proxy measure of daily adherence and does not account for patients who collect but do not take their medication. 19 Glaucoma is a chronic disease, often asymptomatic in the early stages but later leading to progressive visual field loss and eventual blindness if left untreated. 20 Regular use of eye drops to control the intraocular pressure can prevent the onset or reduce the rate of progression of manifest glaucoma. 21 Although this study was limited to patients using glaucoma medications, the relevance of these analyses may be applicable to adherence measurement for other medicines used in the management of chronic disease.
The purpose of the present analysis was to compare commonly used methods for measuring adherence to glaucoma medication using data collected from the Norwich Adherence Glaucoma Study. 22 The objectives were to assess which methods achieved the greatest complete datasets over an 8-month monitoring period, to compare the results from different data collection methods and to review the different methods used to calculate or interpret non-adherence data.
Methods
Data were drawn from the Norwich Adherence Glaucoma Study which was a randomised controlled trial conducted in the Glaucoma Clinic of a UK National Health Service (NHS) teaching hospital to compare effects of an educational and supportive intervention on adherence behaviour over that achieved with standard care. 22 The study was conducted in accordance with the protocol that received ethical approval from the Norfolk Research Ethics Committee, UK and for which participants gave their written consent. The methods for collecting adherence data and social demographic data have been described previously. 22 
Adherence measures
Travalert Ò dosing aid. Participants were given a Travalert Ò dosing aid (TDA; Alcon Laboratories, Inc., Forth Worth, TX, USA) with which to administer their travoprost eye drops once daily in the evening, for the duration of the 8-month study. The mean number of doses administered over the monitoring period, recorded by the TDA, was used to calculate a percentage adherence score using an adjusted adherence calculator 22, 23 as presented in Supplementary Figure 1 . If patients stopped using the travoprost as part of their clinical care, the reason for this was recorded.
The TDA data were also used to produce each individual's dosing history using a chronology plot to display the days (24 h) between each dosing event. The resulting graphical representation of adherence can be used to visualise and classify patterns of adherence behaviour as described previously by Ajit et al., 14 Cate et al. 15 and Blaschke et al. 16 A perfectly adherent participant would have dosing event recorded at 1-day intervals. However, participants who had missed one dose would have had a 2-day interval between doses and so forth, thus showing the number of days that elapsed between dosing events. Therefore, while the aggregate percentage of dosing events during the total monitoring period may be the same, the dosing history data reveal different patterns of behaviour. Seven categories were used to classify adherence: (1) discontinued after a short time due to (1a) side effects or (1b) no response to treatment, (2) adherence greater than 80% and subdivided into (2a) greater than 97% and type (2b) less than 96%, (3) had less than 80% adherence over the course of the study due to 'drug holidays' (participants who had a break in eye drop use for 7 or more days) and were subdivided into type (3a) 'Drug holidays' mixed with a variable dosing pattern and type (3b) drug holidays only and (4) participants who had less than 80% adherence with variable and frequent missed doses.
Self-reported adherence. A participant self-administered questionnaire was completed at 2 months and then at 8 months after randomisation and intervention to capture self-reported adherence data. Two self-report adherence measures were utilised: the Frequency of Missed Dose (FMD) which is a one-question parameter developed for this study, inviting participants to report the number of eye drop doses missed each month (twice a week or more, once a week, once a month or never) and the Morisky Measure of Adherence Scale 24 (MMAS) which is a 4-item validated measure. For the FMD, participants reporting having missed their medication more than once a month were considered non-adherent.
Self-reported adherence using the MMAS score was calculated for each participant. Participants who answered 'yes' to a question scored 1: thus scores ranged from 0 to 3. Participants who scored 0 were considered to be 'adherent' and participants scoring 1-3 were considered 'non-adherent', a classification used in a previous glaucoma adherence study. 15 Medication possession ratio. In the United Kingdom, patients' repeat prescription history is maintained by their General Practitioner. In order to retrieve this information, with participant consent, the researcher wrote to each individual participant's General Practitioner to ask for their repeat prescribing records including drug name, date of issue and prescribed days of treatment. Payment was made for this administrative task via an existing Research Payment Contract held by the Primary Care Research Network and participating General Practitioners. From these data, a measure of expected repeat prescription orders and actual repeat prescription orders were used to calculate two medication possession ratio (MPR) values: MPRa 25 which used the average travoprost drop count; 26 and MPRb which used the UK general prescribing instruction to renew eye drop prescriptions every 28 days (Supplementary Figure 1 ).
Statistical analysis
Descriptive statistics were used to characterise the demographics of the study population. Adherence measured by the TDA was calculated for the mean of the total monitoring period and the mean of months 1 and 2. Additionally, a binary classification of adherence score was used ('adherent' if the score was 80% and 'non-adherent' if the score was \80%) for the same time periods (total period, months 1 and 2). A repeated measures analysis of variance was carried out (with time measured in months) to assess for any difference in adherence over time.
A Cohen's Kappa test was used to compare (1) agreement between TDA data at month 2 and 8 for participants with missing data in order to determine whether non-adherence scores may have been effected by missing data; the assumption being made that participants with missing data might have been more likely to have poor adherence, being less motivated to complete questionnaires or return their TDAs to the research team; (2) agreement between self-report data at month 2 and 8 for participants with missing TDA data; and (3) agreement between self-report measures (MMAS and FMD) and TDA dichotomised scores of adherence at 2 months and 8 months to determine whether non-adherence was the same between measures and at the different time points that adherence was measured.
The mean and median MPRa and MPRb scores were calculated and compared to TDA adherence scores using Spearman's rank coefficient test to compare measures. A binary classification of persistence score was used ('adherent' if the score was 1.0 or above and 'non-adherent' if the score was below 1.0) for the total period of the study.
Results
A total of 208 participants were recruited of which 50.5% were male and the mean age was 70.4 (standard deviation (SD): 11.1) years. Further demographic data about the Norwich Adherence Glaucoma Study cohort have been published previously. 27 
Missing data
The reasons for incomplete adherence data are summarised in Table 1 . Questionnaire data provided the most complete datasets over the 8-month period relative to health centre and TDA data which were comparable in terms of completeness at the 8-month data collection point. The reason for the failure of the TDA was not always possible to establish. In some cases, the internal mechanics of the device appeared to have been tampered with by the participant, but it was not possible to determine in which cases the device had failed due to deliberate tampering or genuine device malfunction. MPR data were missing where health centres refused to provide the prescribing data when requested.
Adherence measures
The mean adherence rate measured by the TDA was 73.7% (SD: 26.4%) for the first 2 months of monitoring and 76.6% (SD: 20.7) for the total 8-month period. A repeated measures analysis of variance of TDA percentage adherence for each month found no significant differences between months. The number of individuals with \80% adherence for the first 2 months and therefore considered to be non-adherent was 78 (46.7%) compared with 52 (45.6%) for the 8-month period. Assuming that participants with missing data could more likely be non-adherent, further analysis of missing data found that of the 78 participants who were nonadherent at month 2, only 25 (32%) had missing data at any time point during the period of monitoring, and there was no statistically significant association between participants with non-adherence and missing data during the study (Kappa = 0.006, p = 0.935). Mean adherence at month 2 for those with missing data at month 8 was 73% (SD: 26%) compared with 74% (SD: 26%) for those with complete data at month 8. Table 2 presents the adherence status for each of the three measures of adherence and their agreement between 2 and 8 months. Little change was observed between patients reporting being adherent at month 2 but later at month 8 reporting that they were non-adherent as demonstrated by the moderate agreement 28 for MMAS and FMD. The change was even less with the TDA dichotomised score analysis as indicated by the substantial agreement. 28 To determine whether missing data had an effect on participants self-reporting, a further analysis was carried out which found that 15% of participants with missing TDA data reported to be non-adherent at month 8 compared to 25% with full TDA data (similar results for both were found using both FMD and MMAS measures). Tables 3 and 4 present agreement between FMD, MMAS and TDA measured adherence - Table 3 at month 2 and Table 4 at month 8. Adherence using the two self-report measures, MMAS and FMD, had substantial agreement 28 at months 2 and 8; however, they were only in slight agreement with the TDA dichotomised scores at months 2 and 8. TDA and MMAS were not statistically significant at month 2. Supplementary Figures 2 and 3 show the distribution of FMD and MMAS categorical data compared with TDA measured adherence for the total study period. Figure 1 presents adherence behaviour patterns derived from the TDA data. Most participants had good adherence (.80% but \97%; 2b). Non-adherent behaviour was primarily due to participants taking drug holidays rather than just missing occasional doses.
The mean possession ratio was 1.89 (SD: 0.66) using the MPRa calculation (refill on expiration of bottle) and 0.94 (SD: 0.34) using MPRb (expected refill bottle every 28 days). There was a strong positive correlation between MPRa and MPRb calculations (Spearman's coefficient 0.901, p \ 0.0001), and therefore, further analysis was carried out using MPRb data. The majority of participants (71%) had the correct prescription count to remain persistent with medication over the course of the 8-month study period as indicated in Supplementary Figure 4 by the column assigned an MPR of 1 or higher. There was only a weak positive correlation between MPRb and adherence calculated by the TDA (Spearman's coefficient 0.216, p = 0.041) displayed in Supplementary Figure 5 . However, transcription of the raw data for analysis highlighted differences in the way eye drops were prescribed and dispensed which created inaccuracies in the data. Prescribing practices resulted in the following anomalies:
1. As recommended, regardless of whether patients were prescribed unilateral or bilateral dosing, all patients received the same size bottle of eye drops. Thus, patients prescribed unilateral dosing had double the amount of medication required compared to those prescribed bilateral dosing. 2. Patients did not consistently receive one bottle of drops per month. When multiple bottles were given it was not possible to establish the reason but common explanations from participants were that the pharmacist dispensed two bottles of eye drops for bilateral dosing, one to be used for each eye (thus, patients had double the amount of medication required with a more complex dosing regimen requiring the opening and use of separate bottles for each eye); multiple refills were given on request if patients found they were running out of drops; patients reported stockpiling before going on vacation or because it was difficult to visit the pharmacy to collect refills; or patients reported losing drops or forgetting them if they had been staying away from home and had ordered replacements.
The dichotomised scores of adherence persistence were not statistically significant when compared with FMD, MMAS and TDA dichotomised adherence scores. Since the quality of data was questionable because of prescribing practices, which led to participants possessing more medication than required, the dichotomised MPR scores were not compared further.
Discussion
Discordance between the different methods of measurement compared in this study and differing challenges associated with each method of data collection prohibits determination of a definitive measure of adherence. Self-report questionnaires provided the most complete datasets for the 8-month period of study. Conversely, almost a quarter of the MPR data were missing due to health centres not providing prescribing data for research purposes despite being offered payment for this administrative task. Only one similar UK study using prospective collection of prescribing data has been identified from the literature, 29 but in this study, the authors did not report any limitations in data collection. Other UK studies using prescribing data have used retrospective data collection methods [30] [31] [32] [33] of which missing or inaccurate data were often noted as a possible limitation, although the magnitude of the problem was not quantified.
Previous studies have reported that the TDA accurately recorded drop administration, but the longest of these studies was only for a 3-month period. 14, 34, 35 This study found that the TDA was relatively successful at measuring adherence for the initial 2-month period. However, by 8 months of follow-up, data attrition was high. Retrieval of data from the TDA due to device failure, which was outside of the control of either patient or researcher, accounted for the greatest loss of daily electronic data for the 8-month period. In addition, when treatment was changed, it rendered the TDA useless since the TDA aperture only holds Travatanshaped bottles. Therefore, calculating the average adherence score using TDA over the total monitoring period was the least successful of the three studied methods. The TDA data, however, did provide the additional benefit of being able to graphically present participant patterns of drop usage. 14, 15 Comparing patterns of drop usage determined that 'drug holidays' were the predominate type of non-adherent behaviour.
In contrast to incidental missed doses, patterns of drug holidays may be indicative of a more intentional nonadherent behaviour trait when a patient chooses not to use their medication for longer periods of time. 36, 37 Thus, reviewing usage patterns rather than average adherence scores may be more useful in establishing the cause(s) of observed non-adherence. Adherence pattern observation in turn can provide invaluable information for guiding the selection of intervention(s) most appropriate for supporting patients to adhere to their prescribed therapy. Patient self-reporting remains a popular method for collection of adherence information in both clinical practice and research. However, it is of concern that a discrepancy was observed between self-reported nonadherence, which was greater at 8 months than 2 months, and TDA measured non-adherence which did not increase at any time during the 8-month follow-up even when accounting for participants with missing data. If non-adherent participants had failed to return their TDA devices, thus creating more missing TDA data, this could have been a reactivity bias. However, magnitude of adherence at 2 months was comparable for participants with full 8-month data and those who subsequently went on to have missing TDA data. Therefore, those who had missing TDA data but still provided self-reported adherence data were not likely to have been a less adherent cohort in comparison with those who had full TDA data. If one were to accept that the level of electronic monitoring accuracy remained constant over the monitoring period, then participants were poor reporters of adherence since their reporting became less accurate over time or they were inclined to over-report adherence within the first 2 months of observation.
The electronic monitoring used in this study may have caused a reactivity bias not previously identified in previous studies. Adherence measured electronically did not diminish over time as previously reported, 9, 10 and the results did not replicate previous theories of the likely short-term reactivity bias time found in observational studies. Either participants in this study were naturally very adherent or there may have been a more long-term reactivity bias caused by study participation and/or the monitoring effects of the TDA that improved adherence behaviour for the duration of follow-up. These phenomena, often referred to as mere measurement effects, are proposed to cause behavioural changes in intervention studies and are the subject of ongoing debate. 38 The multiple measures of adherence may have had an effect on participants selfreporting of adherence. When participants are aware that multiple measures are being used, a synergistic relationship may occur which emphasises adherent behaviour and can cause a greater study reactivity bias. A future study may be able to assess whether selfreport of adherence changes when participants are being monitored with an electronic monitor.
The calculation of MPRs with eye drops was found to be complex due to inaccuracies in the data caused by variation in prescribing conduct. In addition, unlike tablets or syrups, it is not possible to determine the volume of liquid correctly instilled in the eye as it relies upon the dexterity of the patient to instil the correct amount of liquid into the eye on the first attempt. If a patient were to miss the eye, for example, they may need to apply another drop, while with prolonged squeezing, excessive liquid flows from the bottle, resulting in the administration of more than one measured drop. Thus, absence of a fixed dose measure with respect to eye drops and differences in prescribing protocols can easily lead to erroneous MPR calculations. Inaccurate calculation of MPR may have been the reason why this study failed to identify a strong correlation between TDA and MPR measures. In a previous UK study using MPR calculations, the same 28-day calculation for refills was used, but the authors did not describe any of the potential inaccuracies or limitations in collecting the data as described in this study. 29 The observations from the present study are worth further consideration since the complexity of repeat prescription administration itself, and variation in health care professional practice with respect to prescribing medication, may have a role to play in patient attitudes to medication use.
The present analysis provided further evidence of the potential bias induced by using self-report and electronic tools to measure adherence and the difficulties of using routine data to calculate MPRs, particularly with respect to eye drops within the UK prescribing system. Furthermore, while electronic monitoring is often acclaimed to be the preferred method of adherence measure, this study found that data were difficult to collect for the long monitoring period appropriate for the study of this chronic condition and might be sensitive to study reactivity bias. No gold-standard method for measuring adherence currently exists, and it is likely that the practicalities of data collection will continue to govern what is ultimately chosen as an appropriate measure of adherence for each individual study.
Unfortunately, while a standardised and accurate measure for adherence remains undefined, studies will continue to produce heterogeneous adherence results. Equally, multiple methods of adherence measurement used in parallel to quantify and classify adherence may maximise precision of adherence estimates and facilitate comparisons between studies, and the effect that multiple measures of adherence have on patient behaviour is unknown.
